Craniofacial malformations are among the most common congenital deformities. Meckel's cartilage plays a major role in the development of the mandible and is highly susceptible to maternal teratogenic drug use. We therefore investigated possible protective effects of prenatal administration of folic acid on a retinoic-acid induced maxillofacial defect model. Sprague-Dawley pregnant female rats (n = 36) were used in this study. Retinoic acid was administered orally at the dose of 40, 60, or 80 mg/kg respectively on gestational day 8. Folic acid of 4.0 mg/kg was injected intraperitoneally on 7th, 8th and 9th days of pregnancy. Animals were sacrificed on the day 17th. Administration of retinoic acid at all doses resulted in statistically significant decreases in mean fetal weight and mean fetal height and the increase in mortality rate, and caused severe ultrastructural damages in Meckel's cartilage. Folic acid administration prevented the decrease in mean fetal weight and height of the embryos treated with retinoic acid of 40 mg/kg. In addition, there was a marked decrease in the number of degenerated chondrocytes and an improvement in the structure of granular endoplasmic reticulum along with intact nuclei. We conclude that folic acid has protective effects on retinoic acid-induced intracellular damages in Meckel's cartilage retinoic acid; Meckel's cartilage; folic acid; ultrastructural; rat
to decrease by FA administration in animal studies (Bienengraber et al. 2001) .
As far as we know, there is no study about the influence of FA on teratogen-stimulated cellular alterations of MC alone. The purpose of this study is to determine whether prenatal administration of FA has protective effects on intracellular components of MC in a RA-induced animal defect model.
MATERIALS AND METHODS

Animals
Adult virgin Sprague-Dawley female rats, weighing 220 ± 10 g obtained from Istanbul University, Institute for Experimental Medical Research, were used in this study (n = 36) . Following several days of acclimatization, animals were housed in metallic cages with males (male to female ratio of 2 : 3). They were mated from 6 p.m. to 6 a.m.; the day of vaginal plug detection was designated gestational day (GD) 0 of pregnancy. Throughout the study, animals were kept in a temperature (23 ± 1˚C) and humidity (60-80%) controlled room under regular light-dark conditions. They were fed with standard laboratory rat chow and water ad libitum. All procedures were reviewed and approved by the Institutional Animal Care and Use Committee at the Istanbul University, Institute for Experimental Medical Research.
Experimental protocol
Pregnant female rats were divided into seven groups (6 rats for the control and 5 rats in each of six experimental groups). Retinoic acid (RA) (Isotretinoin, Roaccutane ® , Hoffmann-La Roche Ltd., Basel, Switzerland) was suspended in corn-oil and was administered orally at the dose of 40, 60 or 80 mg/kg respectively; on GD 8 to fifteen experimental animals, forming RA-treated groups (five rats per dose). Another fifteen rats received equal doses of RA on the same GD and they were additionally administered intraperitoneal folic acid (FA) of 4.0 mg/kg (Reynols et al. 2003 ) (Folvite ® , Bedford Laboratories Inc., Bedford, England) on GD 7, 8 and 9 forming FA-treated groups. In order to explore whether corn-oil or FA has teratogenic effects, rats were treated with sterile saline corn oil, or FA on the similar GD schedule (two rats for each application). Animals were sacrificed with prolonged ether anesthesia on GD 17. Following an abdominal incision, uterus was removed. Implantation sites, number of intact embryos and resorbed embryonic masses were counted.
et al. 2000), immune function, reproduction (Napoli 1999; Livera et al. 2002) and maintenance of normal growth patterns, predominantly in higher eukaryotic organisms which can not synthesize it independently (Ward and Morriss-Kay 1997) . In contrast, it is widely accepted that excessive RA intake during pregnancy results in a variety of craniofacial malformations including exencephaly, hydrocephalus, cleft lip with or without cleft palate and shortening of maxilla and mandible, depending upon the dosage and gestational stage at the time of drug administration (Cohlan 1953; Kochhar and Aydelotte 1974; Lammer et al. 1985; Emmanouil-Nikoloussi et al. 2000; Yu et al. 2003) . Cephalic neural crest, which has been held primarily responsible for RA-induced damage on fetal development (Ruberte et al. 1993) , is a pluripotent cell population derived from the lateral ridges of the neural plate in the early stage of embryogenesis (Bronner-Fraser 1993) . During normal craniofacial morphogenesis, these cells migrate extensively through the embryo to populate branchial archs (Chai et al. 2000) that develops into most of the facial structures including mandible (Plant et al. 2000) . The segments of hyaline cartilage derived from the first branchial arch are known as Meckel's cartilage (MC) in mammals and disappear at the neonatal stage of the development (Ishizeki et al. 1999) . Originating from neural crest cells, MC contributes to the formation of mandible by acting as a site of ossification center around which mandibular bone develops and by providing support to the osseous framework (Richman and Diewert 1988; Tomo et al. 1997) .
Maternal periconceptional supplementation with B group vitamins, especially folic acid (FA), is a well-established preventive approach to the neural tube defects, discovered long before biochemical basis of these malformations has been studied extensively (Green 2002; Krapels et al. 2004) . Shaw et al. (1995) reported that FA supplementation in women of child-bearing age had resulted in 25-50% reduction in risk of having offspring with orofacial cleft. Similarly, teratogenically induced facial defects have been shown Macroscopically intact embryos were immediately weighed and their heights were measured. Mandibles were removed from the heads under a dissecting microscope and were processed for histological examination. Dosage and application information are summarized in Table 1 .
Histological study
All of the mandibles of macroscopically intact embryos were fixed in 2.5% cacodylate buffered glutaraldehyde solution for microscopic examination, and postfixed in 2% osmic acid for an hour (Robinson and Gray 1996) . Following dehydration through a graded series of alcohol, they were embedded in Epon 812 (Fluka AG, Buchs, Switzerland). At least four blocks were obtained from every pregnant rat. The blocks were sectioned using LKB Ultramicrotome (Stockholm, Sweden). In order to find exact position of MC in mandibular tissues, thick sections were stained with toluidin blue and observed. Ultra thin sections selected from appropriate regions were contrasted with lead citrate and uranyl acetate, and examined under an electron microscope (JEOL 1011, Tokyo).
Statistical analysis
Mortality rates are presented as percentage of embryos. Weight and height data obtained from all groups are reported as mean ± S.D. Statistical analysis was carried out on GraphPad Prism ® V.3 software (GraphPad Software Inc., San Diego, CA, USA). We used χ ² and Fisher's exact tests to compare mortality ratio between groups. Changes in embryo weight and height were examined with descriptive statistical methods as well as one-way analysis of variance test between group comparisons and Turkey's multiple comparison tests in subgroup comparisons. The results were evaluated in a confidence interval of 95 % and p < 0.05 was considered as statistically significant.
RESULTS
Quantitative measurements
All animals have tolerated experimental procedures well, and no drug associated mortality of pregnant rat was observed. Since there was no difference among three types of controls, these groups were evaluated as a single entity. Never- 
Histological observations
Condensed mesenchimal cells of the mandibular prominence were typical along with regular alignment of normal chondrocytes of MC which is surrounded by an intact and well-developed perichondrium in thick sections taken from the embryos of control group ( Fig. 2A) .
Perichondrial region of the control group was observed to be full of long, spindle-shaped fibroblasts in several layers with abundant rough endoplasmic reticulum. The chondrocytes with large and clear nuclei containing a central prominent nucleoulus, were located in lacunae, within the cartilage matrix rich in collagen fibers. Numerous cell processes were noticed extruding from the cell membrane into the matrix. Organelles such as rough endoplasmic reticulum with well-developed membrane, free ribosomes, golgi complex and large mitochondrion were clearly visible throughout the cytoplasm (Fig.  2B) . Some of these cells contained vesicules filled with flocculent material, dilated saccules and vacuoles presumably related to collagen synthesis.
The perichondrium around MC of the RA 40 (mg/kg)-treated group was still intact and chondrocytes were observed to yet have arranged in a columnar appearance, however, many of them had lost their ordinary shape presenting an irregular vacuolar aspect (Fig. 3A) . Ultra-thin sections revealed that the fibroblasts were expanded and turned into elliptical form with marked degeneration on their cell membrane, when compared to those of controls. Furthermore, the chondrocytes within the cartilage matrix were mostly degenerated (Fig. 3B ). These cells were observed to exhibit polygonal morphology instead of their typical round shape. There was also a marked decrease in the number of microvillus on cell membrane (Fig. 3C) . Some of the chondrocytes had pyknotic nuclei indicating an ongoing degeneration process. In addition, dissociation of fibrillar and granular components of nucleoulus was observed. Irregularly shaped large spaces without recognizable organelles were seen in the cytoplasm of chondrocytes, some of them containing myelin-like figures (Fig. 3D) . Similarly, dilated rough endoplasmic reticulum, swollen mitochondrion with disorganized cisternae and marked decrease in golgi complex evidenced the substantial effects of RA on intracellular components of MC. Sections taken from the groups treated with RA of 60 or 80 mg/kg showed far more extensive findings of degeneration in fibroblasts of the perichondrium and intracellular organelles of chondrocytes forming MC, with remarkable deterioration in both nuclear and nucleolar structure (Fig.  3E) .
Concomitant administration of FA with RA of 40 mg/kg had resulted with an improvement in the cellular structure of MC (Fig. 4A ). There was a considerable decrease in the amount of degenerated chondrocytes, and intracytoplasmic organelles were structurally intact, sharing similar histological appearance with control group (Fig. 4B) . On the other hand, FA administration was not able to prevent damages in the groups administered RA of 60 or 80 mg/kg as there was no noticable change in intracellular morphology when compared to the groups treated with same doses of RA alone (Fig. 4C) .
DISCUSSION
Abnormal development of the craniofacial structure has long been considered as an area of particular interest. Medical literature concerning teratological studies has several examples of species and strain differences regarding sensitivity to chemically induced malformations (Collins and Mao 1999) . Excessive amount of exogenous RA is a potential teratogen, which is rapidly absorbed from the duodenum and bound to plasma albumin due to its high lipophilicity (Kurlandsky et al. 1995) . Cellular retinol binding proteins transport RA in the cytoplasm where it can either be destabilized by cellular retinoic acid binding proteins (CRABPs) or enter the nucleus and bind to the nuclear retinoic acid receptors (RAR and/or RXR), causing activation of specific genes (Morriss-Kay and Ward 1999). Migrating cranial neural crest cells, which will later reside within maxillary and mandibular prominences show high affinity to RA (Brickell and Thorogood 1997) , thereby leading to a impairment of eye, ear and facial development (Louryan et al. 1992) . From this hypothetical point of view, RA-induced teratogenesis provides a useful experimental model for studying both cellular alterations of craniofacial structures and underlying pathogenesis of specific conditions like DiGeorge and TreacherCollins syndromes which demonstrate clinical similarities to the RA embryopathy (Johnston and Bronsky 1991) .
The developmental stage of the embryo reflects critical time period for specific malformations (Shenefelt 1972) . Our findings in embryos treated with RA on GD 8 were consistent with those of and Jarvis et al. (1990) whom have reported similar changes on GD 8 and 9, respectively. Moreover, Padmanabhan and Ahmed (1997) have pointed out that most striking fetal effect of RA concentrated on 8th day of pregnancy. The increased susceptibility of MC to RA on this day, as well as other first branchial arch derivatives, may be correlated with high levels of CRABP which acts as a moderator of RA fluctuations (Ward and Morriss-Kay 1997) , in regions where cranial neural crest cells are known to migrate (Dencker et al. 1987) .
RA treatment had dramatic effects in body weights, heights and mortality rates of the embryos at all doses, as also described by Ikemi et al. (1995) and Gunning et al. (1993) . have emphasized that RA of 60 mg/kg or more induced high incidence of fetal death and resorption, whereas 40 mg/kg was suitable for litters to be brought to delivery. Interestingly, we detected no significant changes in these values between RA of 60 or 80 mg/kg. Even though our sample size is relatively small to make a direct assessment, a possible explanation for this peak level produced above RA of 40 mg/ kg is the saturation of the binding and metabolic activities of CRABP I, enabling more RA to reach the nuclear receptors (Bailey and Siu 1988; Ruberte et al. 1993) . Our observations in group where RA of 40 mg/kg and FA were applied together disclosed that the prenatal FA administration had increased mean body weight and height of the embryos. Reynolds et al. (2003) obtained a significant decrease in cleft palate incidence using similar dose of FA and proposed a relationship between the signaling pathways of RA which has been shown to perturb methyl group metabolism in DNA synthesis (Naitoh et al. 1998) , and the role of FA as a methyl donating co-factor.
RA treatment was observed to induce severe cellular damage in a dose-dependent manner. Our microscopic findings of larger nuclei, less numerous isogenous nests and degenerated chondrocytes were consistent with the observations of , and with Lopes et al. (1982) who had investigated the morphological changes of MC in rats given vitamin A of 150,000 units on GD 10. Wilkinson and Poswillo (1991) found no sign of decrease in the coronal size of MC in rats given vitamin A of 50,000 units whereas Granstrom et al. (1991) showed a marked reduction, also postulating a possible process of pathological pre-term endochondral ossification based on earlier calcification of cartilaginous tissue. Nevertheless, these two studies, as well as most of the others, have disregarded the fact that MC is a dynamic structure that undergoes resorption. Inevitably, the GD in which the animals had been sacrificed is of utmost importance for a study concerning cellular alterations of MC; otherwise, it is possible to confuse the ultrastructural effects of exogenous RA with those of natural resorption process. Our observations in embryos of experimental groups on GD 17 did not reveal sign of extensive early calcification in the condensed mesenchimal area surrounding MC.
Polygonal shape detected in chondrocytes which normally have round form, was comparable to morphological alterations reported in limb bud cell cultures in response to RA treatment (Underhill and Weston 1998) . Moreover, we observed severe decrease in the number of microvillus on cell membrane which would probably affect cell process network (Sulik et al. 1987) . There was substantial dilatation on rough endoplasmic reticulum and empty vacuoles within the chondrocytes of MC which may be linked to the ability of Vitamin A and its analogues to insert into biological membranes, thereby altering fluid accumulation (Glauert et al. 1963) . Contrarily, ultrastructural observation of the group treated with RA of 40 mg/kg and FA revealed no dissociation in nucleolar compartment and cytoplasmic organelles were structurally intact, indicating that FA administration provides protection against RA mediated intracellular damages of MC. Furthermore, FA of 4.0 mg/kg we used in our study resides within therapeutic ranges since there was no pathological alteration neither in body weight and height nor in histological appearance of MC of the embryos born to mothers treated with FA alone.
CONCLUSION
Prenatal administration of FA has protective effects on RA-induced cellular damages in MC of rats, a key structure in the growth patterns of mandible. As a result of multi-factorial background of teratogenesis, experimental studies focusing on the relationship between dosage of FA and embryonic stage are needed in order to clarify the role of FA in mandibular cartilage development.
